During vitellogenesis in Parachristianella trygonis (Trypanorhyncha, Eutetrarhynchidae) we distinguished four stages: (1) gonial or stem cell stage; (2) early differentiation stage concentrated on protein synthetic activity and shell-globule formation; (3) advanced differentiation stage with main cell activity concentrated on carbohydrate synthesis (glycogenesis) and massive glycogen storage in the form of α-glycogen rosettes and β-glycogen particles; and finally (4) mature vitellocyte stage. Early vitellocyte maturation is characterised by: (1) an increase in cell volume; (2) extensive development of large, parallel cisternae of GER that produce proteinaceous granules; (3) development of Golgi complexes engaged in packaging this material; (4) continuous enlargement of proteinaceous granules within vacuoles and their transformation into shell-globule clusters composed of heterogeneous material. Cytochemical staining with periodic acid-thiosemicarbazide-silver proteinate for polysaccharides indicated a strongly positive reaction for the presence of α-glycogen rosettes and β-glycogen particles in the advanced stage of vitellocyte maturation. Both protein synthesis for shell-globule formation and carbohydrate synthesis or glycogenesis, important storage of nutritive reserves for the developing embryos, observed during cytodifferentiation of P. trygonis vitellocytes overlap in time to some extent. Mature vitelline cells are very rich in three types of cell inclusions accumulated in large amounts in their cytoplasm: (1) shell-globule clusters, playing an important role in egg-shell formation; (2) numerous large lipid droplets, as well as a high accumulation of lipid and α-glycogen rosettes and β-glycogen particles that undoubtedly represent important nutritive reserves for the developing embryos. Despite the fact that the type of vitellogenesis and ultrastructure of the mature vitellocyte in P. trygonis appears to differ to some extent from those of three other trypanorhynch species, its general pattern and ultrastructure greatly resembles those observed in other lower cestodes. Factors that may have contributed to the qualitative and quantitative variation in lipids during vitellogenesis among the four species of Trypanorhyncha, are identified and discussed.
Introduction
Except for two recent studies on the ultrastructure of vitellogenesis and vitellocytes in Trypanorhyncha, one TEM and cytochemical study on Dollfusiella spinulifera (Eutetrarhynchidae) by OEwiderski et al. (2006a) and another TEM study on the vitellocytes of Progrillotia pastinacae (Progrillotidae) by OEwiderski et al. (2006b) , there are no other published data on this subject. As observed by Palm (2004) , TEM studies have been much neglected among the trypanorhynch cestodes.
The vitellocytes of cestodes and trematodes play two important roles in their developmental biology: (1) production and secretion of proteins for eggshell or capsule formation (OEwiderski et al. 1970; OEwiderski and Subilia 1978; OEwiderski and Xylander 1998, 2000) ; (2) nourishment of the developing embryos with nutritive reserves stored in their cytoplasm Skóra Stefañski DOI: 10.2478/s11686-007-0020-5 (OEwiderski and Xylander 2000, OEwiderski and .
The aim of this study is to provide new ultrastructural and cytochemical data on vitellogenesis and mature vitellocytes of the trypanorhynch Parachristianella trygonis (Eutetrarhynchidae). We also compare our data with that from three other trypanorhynch cestodes: Grillotia erinaceus (Lacistorhynchidae), described by McKerr (1985) in his unpublished PhD thesis, D. spinulifera (Eutetrarhynchidae) by OEwiderski et al. (2006a) and P. pastinacae (Progrillotiidae) by OEwiderski et al. (2006b) , in order to assess if the ultrastructural characters of vitellocytes have some value for phylogenetic analysis or if they represent adaptations to different hosts and/or different life cycles. Dollfus, 1946 were obtained from the spiral valve of the common stingray, Dasyatis pastinaca (Linnaeus, 1758) , collected in Sidi Mansour and Zarzis (Southern coast of Tunisia, Mediterranean Sea). The living cestodes were placed in a 0.9% NaCl solution. After dissection, different portions of mature proglottides containing the testes and seminal vesicle were routinely processed for TEM examination. They were fixed in cold (4°C) 2.5% glutaraldehyde in a 0.1 M sodium cacodylate buffer at pH 7.2 for a minimum of 2 h, rinsed in a 0.1 M sodium cacodylate buffer at pH 7.2, postfixed in cold (4°C) 1% osmium tetroxide in the same buffer for 1 h, rinsed in a 0.1 M sodium cacodylate buffer at pH 7.2, dehydrated in an ethanol series and propylene oxide, and finally embedded in Spurr's resin. Ultrathin sections were obtained using a Reichert-Jung Ultracut E ultramicrotome, placed on copper grids and doublestained with uranyl acetate and lead citrate. Ultrathin sections were examined using a JEOL 1010 transmission electron microscope operated at an accelerating voltage of 80 kV.
Materials and methods

Adult specimens of Parachristianella trygonis
The Thiéry (1967) technique was used to detect glycogen at ultrastructural level. Ultrathin sections collected on gold grids were treated in periodic acid, thiocarbohydrazide and silver proteinate (PA-TCH-SP) as follows: 30 min in 10% of PA, rinsed in distilled water, 24 h in TCH, rinsed in acetic solutions and distilled water, 30 min in 1% SP in the dark, and rinsed in distilled water.
Results
Vitelline follicles in the trypanorhynch cestode Parachristianella trygonis are situated at the border of the cortico-medullary parenchyma, just under the tegumental perikaryons, where they encircle organs anterior to the ovary.
Each mature follicle contains vitelline cells in all consecutive stages of vitellogenesis and the nurse cells. During vitellogenesis, four developmental stages could be distinguished at the TEM level: (1) gonial or stem cell stage; (2) early differ-115 OEl¹ski Table I .
Stem cell stage of gonial type
The gonial cells, measuring about 7-9 µm in diameter, are situated at the periphery of the follicles. They show a high nucleo-cytoplasmic ratio and a large concentration of free ribosomes in a relatively thin layer of granular cytoplasm containing a few mitochondria. The large nuclei contain more or less spherical nucleoli and a few heterochromatin islands adjacent to the nuclear envelope (Fig. 1) . (1) very large, slightly irregular nucleus with a moderately electron-dense nucleolus of heterogeneous type composed of nucleolonema network embedded in a less electron-dense pars amorpha and a few heterochromatin islands; (2) numerous pores in the nuclear membrane; (3) granular cytoplasm containing numerous free ribosomes, several large mitochondria, a few short profiles GER and a small Golgi apparatus. Inset: Details of the nuclear pores. Abbreviations to all figures: α-gl -α-glycogen rosettes, β-gl -β-glycogen particles, G -Golgi complex, GER -granular endoplasmic reticulum, gl -glycogen, Hch -heterochromatin islands, L -lipid droplet, m -mitochondria, n -nucleolus, N -nucleus, np -nuclear pores, pg -proteinaceous granules, r -ribosomes, SER -smooth endoplasmic reticulum, sgc -shell-globule clusters globules with membrane-bounded vesicles via the Golgi complex. The consecutive stages of the development of proteinaceous granules and their transformation into shell-globule clusters are illustrated in Figure 5A -H. At the beginning ( Fig.  5A ) very small spherical granules of Golgi origin appear inside the vesicles filled with an electron-lucent material. It then starts further growth and differentiation, forming a moderately dense matrix and several small islands of more electron-dense material ( Fig. 5B-D) . The number of electron-dense islands or sub-units increases progressively, which leads to transformation of proteinaceous granule into the so-called "shell-globules cluster" (Fig. 5E -H). The cluster is composed of numerous loosely packed electron-dense globules of various sizes embedded in a moderately electron-dense matrix ( Fig. 5G-H ). This early stage of vitellocyte maturation is apparently completed when a large number of the shell-globule clusters is formed within the vitellocyte cytoplasm (Fig.  6 ). In P. trygonis, however, very active protein synthesis and shell-globule formation still continues in the advanced stage of vitellocyte differentiation (Fig. 7) , when the cytoplasm is already filled with a high accumulation of α-glycogen rosettes and β-glycogen particles. These observations, therefore, indi- (1) superficially sectioned peripheral part of vitellocyte nucleus showing numerous pores in its nuclear membrane; (2) long cisternae of GER adjacent to numerous Golgi complexes; (3) numerous detached Golgi complexes and detached Golgi vesicles containing small proteinaceous granules of moderate electron density; (4) numerous free ribosomes, large, spherical mitochondria, and several small lipid droplets of high electron density cate that both synthetic activities of differentiating vitellocytes, i.e. the protein synthesis and shell-globule formation and carbohydrate synthesis and storage, overlap each other.
Early differentiation stage: protein synthesis and shellglobule formation
Advanced differentiation stage: carbohydrate synthesis and storage
At this stage of vitellocyte maturation, there is intense glycogen formation and storage in the cell cytoplasm. These vitellocytes represent a rare example of glycogenesis in which glycogen formation and storage takes place in the absence of smooth endoplasmic reticulum, which is usually considered to be directly involved in glycogen metabolism. In the early phase (Figs 3 and 6), a small number of predominantly β-glycogen particles appears dispersed within the cytoplasmic matrix. In the subsequent phase, the individual β-glycogen particles accumulate in several small densely-packed β-glyco- (1) several large, spherical or elongate mitochondria; (2) well developed, long, parallel cisternae of GER associated with Golgi complexes; (3) numerous proteinaceous granules, localised inside of membrane-bound vesicles of Golgi origin, containing heterogeneous, moderately dense material; and (4) highly granular cytoplasm of vitellocyte rich in free ribosomes and polyribosomes gen islands (Fig. 7) and become surrounded by high concentrations of α-glycogen rosettes. In spite of intense carbohydrate synthesis (= glycogenesis), the protein synthetic activities and differentiation of proteinaceous granules into shellglobule clusters are still taking place (Fig. 7) . In the advanced stages of glycogenesis , enlarged glycogen islands become progressively fused together forming heavy glycogen accumulations, surrounding large lipid droplets. Both these cell inclusions occupy almost the entire central volume of mature vitellocytes cytoplasm (Figs 10 and 11) . The remaining cytoplasm with long, parallel cisternae of GER and several mitochondria become displaced to the cell periphery by the massive accumulation of large lipid droplets and glycogen (Figs 10 and 11) . slightly irregular-shaped nuclei of the mature vitellocytes contain prominent nucleoli and several dense heterochromatin islands in their karyoplasm. All cell organelles embedded in the remaining cytoplasm, namely the long, parallel cisternae of GER and several mitochondria, become displaced to the cell periphery.
Interstitial cells
The interstitial cells of P. trygonis (Fig. 9 ) are characterised by spherical nuclei of a vesiculate type with numerous large pores in the nuclear membrane. The granular cytoplasm, rich in free ribosomes, shows the presence of largely extended cisternae of SER, Golgi complexes and several mitochondria. The elongate cytoplasmic processes of the interstitial cells surround the periphery of the vitelline follicles and penetrate deeply between the differentiating vitellocytes.
Discussion
The general pattern of vitellogenesis in P. trygonis is similar to that in other lower cestodes, namely the pseudophyllideans (OEwiderski and Mokhtar 1974, Korneva 2001 , Levron et al. 2007 , spathebothriideans Poddubnaya et al. 2005 Poddubnaya et al. , 2006 , tetraphyllideans (Mokhtar-Maamouri and OEwiderski 1976), nippotaeniids (Korneva 2002) , gyrocotylids (Xylander 1987) , amphilinids (Xylander 1988) , caryophyllideans (Mackiewicz 1968 , OEwiderski and Mackiewicz 1976 , Poddubnaya et al. 2003 and to two 
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Figs 9 and 10. High power TEM micrograph of the perikaryon of the interstitial cell showing spherical nucleus of vesiculated type with numerous pores in its nuclear membrane. In the granular cytoplasm, rich in free ribosomes, note presence of numerous, largely dilate cisternae of GER, Golgi complexes, and several mitochondria (9). Peripheral anucleated cytoplasm of mature vitellocytes. Note a high accumulation of glycogen adjacent to numerous lipid droplets of moderate electron density and long parallel cisternae of GER situated just under cell plasma membranes (10)
Vitellogenesis in trypanorhynch Parachristianella trygonis
In P. trygonis vitellocytes, there was no trace of the socalled "glycan vesicles", described by Schmidt (1998) from the trematodes Fasciola hepatica and Echinostoma caproni, that were regarded as similar to the "yolk globules" of Fasciola as described by Irwin and Threadgold (1972) . One should note that the "lamellar" granules of Bruòanská et al. (2005) and "dark concentric bodies" of Poddubnaya et al. (2006) from vitellocytes of intrauterine eggs of spathebothriidean cestodes were also considered similar to the yolk globules of Fasciola. Until the relationship of "glycan vesicles" to "lamellar" granules in cestodes is clarified, the extent of their occurrence and role in cestodes with operculate eggs must remain unknown.
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Figs 11-14. Results of ThiJry's cytochemical test for glycogen at TEM level. 11. Low power TEM micrographs of mature vitellocytes of P. trygonis. Note: (1) large number of moderately electron-dense lipid droplets; (2) heavy accumulation of α-and β-glycogen reserves; and (3) long parallel cisternae of GER at the cell periphery situated just under its limiting plasma membranes. 12-14. Higher power TEM micrographs illustrating localization of glycogen in various parts of vitellocyte cytoplasm in relation to different cell organelles and inclusions. Note close contact between high accumulations of α-glycogen rosettes and lipid droplets (12 and 13) and between the GER and mitochondria (14) The most important differences observed in the mature vitellocyte of P. trygonis and those of two other Trypanorhyncha, D. spinulifera and P. pastinacae (see OEwiderski et al. 2006a, b) , relate to glycogenesis (Table I) . Of the three species, only P. trygonis has large amounts of glycogen. In D. spinulifera, slightly reinforced cytochemical staining with periodic acid-thiosemicarbazide-silver proteinate for polysaccharides indicated a strongly positive reaction for membrane bound glycoproteins in all membraneous structures such as GER, mitochondria, Golgi complexes, nuclear and cell plasma membranes there were only membrane-bounded polysaccharides and very few granules of β-glycogen. Similar staining revealed β-glycogen particles scattered in the cytoplasm of maturing vitellocytes. Typical cytoplasmic β-glycogen particles appeared only seldom during early vitellocyte maturation and were seldom visible in mature vitelline cells of D. spinulifera (OEwiderski et al. 2006a) and P. pastinacae (see OEwiderski et al. 2006b ).
Another important difference among the four species is the lipid content and the chemical nature of lipid droplets (Table  I ). In P. trygonis, there are massive concentrations of lipids that, like those of G. erinaceus, and P. pastinacae, are of the saturated type. In four trypanorhynch species, the large numbers of lipid droplets were localised only in the vitellocyte cytoplasm, never inside the cell nuclei as reported in the tetraphyllidean Echeneibothrium beauchampi by Mokhtar-Maamouri and OEwiderski (1976) or the spathebothriidean Didymobothrium rudolphii by Poddubnaya et al. (2006) . Studies by Smirnov and Bogdan (1998) have shown that the degree of unsaturation of lipids between the pseudophyllideans Eubothrium crassum and Diphyllobothrium dendriticum was related to definitive host temperature. Though the temperature difference among the hosts in the present study is not as great as between those of the above two cestodes, it is of interest that the highly unsaturated lipids were present only in Dollfusiella (Table I ) from a warm, semi-tropical marine environment.
The ultrastructural examination of the perinuclear region of the interstitial cell (Fig. 9) shows numerous, largely dilate cisternae of smooth endoplasmic reticulum (SER) which is usually associated with metabolism and transport of lipids (Fawcett 1966) .
Lipids represent a highly diverse and heterogeneous group of chemical compounds, with a great variety of cellular functions. They are generally considered as important energy reserves, although this may not be the case in cestodes (Smyth and McManus 1989) . Concerning the function of large lipid deposits, two theories prevail (1) an energy source, or (2) waste product of metabolism. Our studies on the ultrastructure of coracidia of Bothriocephalus clavibothrium (see provide strong arguments for their function as important energy reserves. Also the recent study of Moczoñ (2006) on accumulation and utilization of lipids during the development of Hymenolepis diminuta cysticercoids confirms their important role in cestode morphogenesis. In addition, according to his data, "the utilization of neutral lipids proves both the presence of a lipase-type enzyme(s) and an operative β-oxidation pathway in the cells of the cysticercoids, the latter feature being highly indicative of oxidative metabolism of these larvae" (Moczoñ 2006, p. 152) .
The significance of such an unusually wide variation in the products of the mature vitellocytes are difficult to ascertain. For the lipids, however, the work of Buteau Jr., et al. (1971) and Beach et al. (1975) on lipids of tetraphyllidean and trypanorhynch cestodes from sharks may offer some insight. Since cestodes are incapable of de novo synthesis of non-volatile saturated and unsaturated fatty acids, biosynthesis of lipids depends on the host for the fatty acids (Buteau Jr., et al. 1971 , Nakagawa et al. 1987 . Because of this relationship, the fatty acid composition of cestodes is, therefore, similar to their immediate environment in the host (Beach et al. 1975 ) and the origin of these fatty acids in the host comes through the host's food chain. Not only did the composition of total lipid of the trypanorhynch cestode Lacistorhynchus tenuis from two different hosts in California waters vary, but also the percentage of two lipid components in the same tapeworm from similar hosts in the Gulf of Mexico was markedly different (Buteau Jr., et al. 1971) . Perhaps most striking was the discovery that the fatty acid patterns in the whole lipids of the trypanorhynch L. tenuis and the tetraphyllid Callibothrium verticillatum from the same host were nearly identical, a similarity they concluded was host-related. Given these data, it is therefore not surprising there is so much variation in the qualitative and quantitative aspects of the lipids in the present study (Table I) because the cestodes came from three different hosts in widely divergent marine environments: Irish Sea, Mediterranean Sea and the Coral Sea.
Lack of data on the life cycles and developmental biology of the Trypanorhyncha (see Mattis 1986 , Palm 2004 ) makes it difficult to speculate on the functional ultrastructure of their vitellogenesis and mature vitellocytes. Our sample, furthermore, represents only 1.5% of the 260 described species (Palm and Klimpel 2007) . At present, two types of eggs have been described (Chervy 2000 , Palm 2004 ; however, future studies may show much greater variety of egg types than now known. As shown by Jarecka (1961) for cyclophyllideans and reviewed by Mackiewicz (1988) , cestode eggs may show various morphological adaptations that aid in transmission to various intermediate hosts in different zones of an aquatic environment. Differing quantitative and qualitative concentrations of glycogen and lipids, as described in the present study, may be associated with physical and physiological adaptations that also enhance transmission. Until we have more information on cestode life cycles and variety of egg types and their adaptations to different hosts and environments, it will be difficult to judge to what extent the ultrastructure of vitellocytes, particularly those with lipid, is a reflection of host influences, ecological adaptations or of phylogenetic relationships. copy of his PhD thesis on Grillotia erinaceus for comparative purposes for this study. Authors wish to thank the "Serveis CientificotPcnics" (University of Barcelona, Spain) for their support in the preparation of samples. This study was financially supported by the Project 2005-SGR-00576 from the "DURSI, Generalitat de Catalunya" and by the Projects A/2390/05 and A/6244/06 from the "Programa Intercampus de Cooperación Científica e Investigación Interuniversitaria entre EspaZa y Túnez, AECI, Ministerio de Asuntos Exteriores" of Spain. The present work was also supported by a Sabbatical Grant (SAB2005-0068) from the "SEUI, Ministerio de Educación y Ciencia" of Spain to ZOE.
